ABSTRACT Field surveys were conducted from 2008 to 2011 in the Khabarovsk and Vladivostok regions of Russia to investigate the occurrence of emerald ash borer, Agrilus planipennis Fairmaire, and mortality factors affecting its immature stages. We found emerald ash borer infesting both introduced North American green ash (Fraxinus pennsylvanica Marshall) and native oriental ashes (F. mandshurica Rupr. and F. rhynchophylla Hance) in both regions. Emerald ash borer densities (larvae/m 2 of phloem area) were markedly higher on green ash (11.3Ð76.7 in the Khabarovsk area and 77Ð245 in the Vladivostok area) than on artiÞcially stressed Manchurian ash (2.2) or Oriental ash (10 Ð59). Mortality of emerald ash borer larvae caused by different biotic factors (woodpecker predation, host plant resistance and/or undetermined diseases, and parasitism) varied with date, site, and ash species. In general, predation of emerald ash borer larvae by woodpeckers was low. While low rates (3Ð27%) of emerald ash borer larval mortality were caused by undetermined biotic factors on green ash between 2009 and 2011, higher rates (26 Ð95%) of emerald ash borer larval mortality were caused by putative plant resistance in Oriental ash species in both regions. Little (Ͻ1%) parasitism of emerald ash borer larvae was observed in Khabarovsk; however, three hymenopteran parasitoids (Spathius sp., Atanycolus nigriventris Vojnovskaja-Krieger, and Tetrastichus planipennisi Yang) were observed attacking third -fourth instars of emerald ash borer in the Vladivostok area, parasitizing 0 Ð 8.3% of emerald ash borer larvae infesting Oriental ash trees and 7.3Ð 62.7% of those on green ash trees (primarily by Spathius sp.) in two of the three study sites. Relevance of these Þndings to the classical biological control of emerald ash borer in newly invaded regions is discussed.
The emerald ash borer, Agrilus planipennis Fairmaire, has now become a devastating forest pest in North America, killing hundreds of millions of native North American ash (Fraxinus spp.) since its discovery in Michigan in 2002 (Haack et al. 2002) . The native range of emerald ash borer includes large areas of northeast Asia, spanning the Russian Far East, the Korean peninsula, China, Japan, and Mongolia (Bray et al. 2011) . Although emerald ash borer is rare and difÞcult to Þnd in some areas of its native range such as Japan, Mongolia, and Korea (Alexeev 1959; Alexeev and Volkovitsh 1989; Schaefer 2004) , emerald ash borer is recorded in northeast China including Heilongjiang, Jilin, Liaoning, and Hebei Provinces, where it preferentially attacks the introduced North American ash (Fraxinus pennsylvanica Marshall and Fraxinus velutina Torrey) and rarely attacks Asian species such as Fraxinus mandshurica Ruprecht and Fraxinus chinensis Roxburgh (Yu 1992; Liu et al. 2003 , Wei et al. 2007 . Recently, emerald ash borer populations have also been observed in plantations of F. pennsylvanica in Moscow and the Khabarovsk and Vladivostok regions of Russia (Yurchenko et al. 2007, Mozolevskaya and Izhevskiy 2007; Mozolevskaya et al. 2008) . The occurrence of emerald ash borer across eastern Russia as well as the recent discovery of isolated emerald ash borer populations in European Russia raises serious concerns for its potential invasion of Europe, where several ash species are important components of forest ecosystems and are commonly planted as urban trees (Baranchikov et al. 2008) .
Previous Þeld studies conducted in northeast China showed that emerald ash borer populations were attacked by three hymenopteran parasitoids -one egg parasitoid, Oobius agrili Zhang and Huang and the two larval parasitoids Tetrastichus planipennisi Yang and Spathius agrili Yang (Liu et al. 2003 Yang et al. 2005 Yang et al. , 2006 Zhang et al. 2005) . Furthermore, these studies found that the three above mentioned Hymenoptera parasitoids inßicted a maximum of 73% mortality to emerald ash borer eggs and/or larvae infesting North American ash trees grown in Chinese plantation or landscapes , Wang et al. 2007 ). These three Chinese parasitoid species have been introduced to the United States for classical biocontrol of emerald ash borer (USDA APHIS 2007 , Bauer et al. 2008 . Although these parasitoids have established stable population at several U.S. locations, parasitism rates of emerald ash borer by the introduced Chinese parasitoids are considerably lower in newly introduced regions (1.5Ð5% in Duan et al. 2010 Duan et al. , 2011 than rates (12Ð73%) reported from China , Wang et al. 2007 . While it remains to be seen if the classical biocontrol approach will eventually control emerald ash borer in the United States, more studies of emerald ash borer population dynamics and associated biotic factors in its native range may provide new biological control agents for management of this invasive pest in both native and invaded regions.
To date, however, few Þeld studies have systematically investigated the population dynamics of emerald ash borer and the potential impact of its associated biotic factors such as parasitoid communities, predators, and host tree resistance in its native range. Understanding of the population dynamics of emerald ash borer in its native environment of eastern Russia and northeast China is critical to mounting a successful biological control program against emerald ash borer. Information on emerald ash borerÕs occurrence and biotic factors affecting its population dynamics in the native range will also provide insights into the potential role of natural enemies in regulating emerald ash borer populations. Additionally, this information will assist us in developing an effective classical biocontrol program against this pest in the newly invaded countries such as the United States and western Russia. In this study, we report the results from surveys of the occurrence of immature (larval) emerald ash borer stages infesting both North American ash (F. pennsylvanica) and Oriental ash (F. mandschurica or F. rhynchophylla) trees. The surveys were conducted in southern Khabarovskiy Kray (near Khabarovsk) and Primorskiy Kray (near Vladivostok) in Russia between the years 2008 and 2011. In addition to the occurrence of immature stages of emerald ash borer on North American and Oriental ash tree species, we also documented the mortality rate of immature emerald ash borer stages and the cause of the mortality.
Materials and Methods
Survey Sites and Ash Species. Between 2008 and 2011, Þeld surveys were conducted in the Khabarovskiy Kray (Khabarovsk area) and Primorskiy Kray (Vladivostok area) of Russia, which are Ϸ800 km apart (Table 1 ). In the Khabarovskiy Kray, we surveyed three sites in the Khabarovsk area (the southern part of the Khabarovskiy Kray), all of which were secondary growth dry forest land. Sites were Ϸ5Ð20 km apart. The Þrst site was a plantation (Ϸ 3 hectares) of Manchurian ash (F. mandshurica) inside the Woodland Park of Khekhtsir Forest Management (Khekhtsir district). The second site was part of a city park (Gagarin Park) and was dominated by secondary growth of Manchurian ash (F. mandschurica) as well as the North American green ash (F. pennsylvanica). Other tree species common at the site included: pine (Pinus silvestris L.), linden (Tilia spp.), maple (Acer spp.), birch (Betula spp.), and oak (Quercus mongolica Fisch. ex Ledeb.). The third survey site was located within an arboretum and dominated by oak and birch trees, which were mixed with both green ash and Manchurian ash stands. Because some level of horticultural management was exercised in all three Khabarovsk survey sites, we classiÞed these study sites as seminatural forests.
In the Primorskiy Kray (Vladivostok area), surveys were conducted in three natural forest lands (Barabash, Peschaniy, and Ryazanovka in the Khasanskiy district) and three urban sites (Pervaya, Borisenko and Postysheva streets in the city of Vladivostok) ( Table 1 ). The three natural forests were separated by Ϸ30 Ð50 km and were at least 80 km from any of the urban sites. The Barabash, Peschaniy, and Ryazanovka survey sites (natural forest) were dominated primarily by the Oriental ash F. rhynchophylla. In addition to F. rhynchophylla, other tree species common at the three natural forest sites included: F. mandshurica, birch (Betula spp.), Manchurian maple (Acer mandschuricum Maxim.), linden (Tilia spp.), oak (Q. mongolica), Maackia (Maackia sp.) and elm (Ulmus spp.). The three urban sites, 15Ð30 km apart from each other, were dominated by green ash trees (12Ð 40 yr old) and Manchurian ash trees (of similar age) planted primarily for landscaping purposes.
Creation of Stressed Ash Trees for Sampling. Data from previous surveys (Yurchenko et al. 2007 ) indicated that moderate densities of emerald ash borer were commonly found in North American green ash trees in both Khabarovskiy and Primorskiy Krais, but not in healthy Oriental ash (F. mandschurica and F. rhynchophylla) trees growing naturally in the same rhynchophylla ash trees (with a minimum DBH of 8 cm) at each site were randomly located, marked, and then girdled using a hand saw or ax around the base of main trunk Ϸ1.5 m above the ground. A band of the treeÕs bark (5Ð 8 cm high) was completely removed at the girdling position. To successfully stress the tree, the girdling cuts in both ends of the bark band had to be deep enough to reach to the cambium. Girdling was done in the spring (before June), Ϸ15 mo before sampling the trees for immature emerald ash borer stages. Green ash trees sampled in the Khabarovsk and Vladivostok areas were not girdled, and sampled tree ranged from 5 to 24 cm in DBH at different sites. In addition, eight naturally stressed F. mandschurica trees at the Khekhtsir site in Khabarovskiy kray with crowns that had been weakened by infestation of a fungal disease, wind-broken branches, or Þre were also sampled. Sampling Methods. Surveys of emerald ash borer larvae and mortality from biotic factors were started in the spring (MayÐJune) and the fall (SeptemberÐOcto-ber) of 2008. The spring and fall surveys continued uninterrupted until 2011. This sampling scheme ensured sampling of more advanced immature emerald ash borer stages because most emerald ash borer larvae would have entered late instars for overwintering in the fall or continued to develop to prepupae and/or pupae stages right after overwintering in the spring. At each survey time, we destructively sampled any F. pennsylvanica trees with apparent symptoms of emerald ash borer infestations (bark splits, presence of wood peckerÕs scaling and pecks, epicormic growths on the main trunk, and declined canopies) as well as all of the stressed or girdled F. mandschurica or F. rhynchophylla trees. Ash trees were surveyed by felling with a chain saw and cutting the main trunk into sections Ϸ1m long. One to three sections of the main trunk from each tree were completely debarked with a draw knife, and the exposed cambium tissues were examined for immature stages of emerald ash borer and the fate of each individual noted. To avoid damaging immature emerald ash borer larvae, prepupae and/or pupae under the bark, we Þrst cut the bark using the draw knife to reach the cambium and the surface of the wood tissue, and then peeled down the bark to expose immature emerald ash borer and parasitoids.
Exposed immature emerald ash borer stage and any associated parasitoids were collected with soft aluminum forceps, placed in plastic tubes with ventilated caps, and returned to the Far East Forestry Research Institute at Khabarovsk, the Far East Forest Research Station at Vladivostok, or both, or to the USDA ARS BeneÞcial Insects Introduction Research Unit quarantine facility (Newark, DE) where parasitoids could be reared to the adult stage. All the ectoparasitoids collected by debarking of trees were larvae, pupae, pharate adults, or all three stages with or without cocoons that were visible to the observers. Adult parasitoids recovered from rearing in the laboratory were sent to the USDA ARS Systematic Entomology Laboratory for identiÞcation. Voucher specimens were returned and deposited at the USDA ARS BIIR (Newark, DE) .
In addition to recording parasitism, we also recorded two other categories of mortality associated with emerald ash borer immature stages: woodpecker predation and undetermined biotic factors. Woodpecker predation was determined based on visual evidence of missing or partially consumed emerald ash borer larvae in association with destruction of bark and sapwood caused by woodpecker feeding (Lindell et al. 2008 , Duan et al. 2011 . Dead emerald ash borer larvae associated with mold or a rotten or foul smell, or those found covered with plant callus tissue were assigned to the "undetermined biotic factors" mortality class (Duan et al. 2011) . We attempted to further separate the cause of the "undetermined mortality factors" of immature emerald ash borer stages by subsampling immature emerald ash borer stages observed from 10 F. pennsylvanica and 10 F. rhynchophylla logs collected in the fall of 2010 in the Vladivostok area. For these subsamples, emerald ash borer cadavers covered with plant callus tissues or surrounded with necrotic cambium tissues were assigned to the "putative plant resistance" class ( Fig. 1) . Any emerald ash borer cadavers covered with mold, associated with a foul smell, or both were assigned to the "undetermined diseases" mortality class (Fig. 2) .
Data Analysis. Emerald ash borer population densities for each tree were calculated as total numbers of all emerald ash borer immature stages (larvae, J-larvae, prepupae, and/or pupae) observed per m 2 of sampled phloem surface area. Surface area was determined using the formula for the side surface of a cylinderÐi.e., circumference ( ϫ diameter of the mid-trunk circle) multiplied by the length of sampled trunk sections. Analysis of variance and least squares mean differences, or both were used to detect differences in emerald ash borer densities and mortality rate caused by different biotic factors among different study sites (if sampled within the same year) and/or between North American green ash (F. pennsylvanica) and Oriental ash (F. mandschurica or F. rhynchophylla) ash when both species were sampled in the same year (2010) across different study sites in the same area (Vladivostok city and nearby vicinity in Primorskiy Kray). Percent mortality because of parasitoids, woodpecker predation, undetermined biotic factors, host plant resistance, or both was calculated as proportion of the total number of immature emerald ash borer stages observed from each ash tree, and then transformed with arcsine square root (x) function for analysis of variance to compare differences in each category of mortality rates among different study sites (when sampled in the same year) or also between the two different ash species (F. pennsylvanica versus F.
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rhynchophylla) (when sampled in the same year in the same area). In addition, simple linear regression analyses were used to detect any spatial density-dependent relationships between the major larval parasitoids (Spathius sp and A. nigriventris) and emerald ash borer densities for both F. pennsylvanica and F. rhnchophylla ash trees. All statistical analyses were performed using JMP 9.0.1 (SAS Institute 2010).
Results

Emerald Ash Borer Density and Mortality Caused by Different Biotic Factors in Khabarovskiy and Primorskiy Krais. Khabarovskiy Kray (Khabarovsk Area).
A total of 94 emerald ash borer larvae were observed from 60 one-meter-long main trunk sections of 20 stressed Manchurian (F. mandschurica) ash trees (mean DBH Ϸ 8.5 cm) in 2009 at the Khekhtsir site. In contrast, a total of 263 emerald ash borer larvae were observed from 68 one-meter-long main trunk sections from 23 green ash (F. pennsylvanica) trees (mean DBH range from 4.8 to 6.8 cm) at the other two survey sites over a three year time period (2009 until 2011) . Mean emerald ash borer density (number of individuals per m 2 of phloem areas) on Manchurian ash trees at the Khekhtsir site was 2.2, much lower than that on green ash trees at the other two survey sites (Table 2) . Across different years (2009 Ð2011), mean emerald ash borer densities on green ash trees ranged from 11.3 to 76.7 at the Gagarin Park site and 50.0 Ð 64.8 at the Arboretum site (Table 2) . Woodpecker predation of emerald ash borer larvae was observed at the Khekhtsir site (3.0%) in 2009 and Arboretum site in 2011 (41%). No woodpecker predation was observed at both the Gagarin Park site from 2009 to 2011 and the Arboretum site in 2010. Undetermined biotic factors caused Ϸ61% of the emerald ash borer larvae mortality on Manchurian ash at the Khekhtsir site in 2009. In contrast, the rate of emerald ash borer larvae killed by undetermined biotic factors on green ash trees was much lower at both the Gagarin Park (11Ð27%) and the Arboretum site (5.3Ð 6.1%) from 2009 to 2011. No parasitism of emerald ash borer larvae was observed on green ash trees at either Gagarin Park or Arboretum site from 2009 to 2011, whereas Ͻ1% parasitism of emerald ash borer larvae by a braconid wasp (Atanycolus sp.) was observed at the Khekhtsir site in 2009 (Table 2) .
Primorskiy Kray (Vladivostok Area). Between 2008 and 2010, a total of 1,577 immature emerald ash borer stages were observed from the meter-long main bole sections of 29 green ash trees from the three urban landscape sites and 34 girdled Oriental ash (F. ryhnchophella) trees from the tree natural forest sites. Mean emerald ash borer densities on green ash trees from landscape survey sites ranged from 77 to 245 emerald ash borer per m 2 of phloem areas on green ash trees (Table 3 ). In contrast, emerald ash borer densities on girdled Oriental ash trees at the natural forest sites were much lower, ranging 10 Ð59 emerald ash borer larvae per m 2 of phloem areas. A low rate of woodpecker predation (1.1%) was observed at one landscape (Postysheva) site, but not at the remaining landscape sites (Pervaya, Borisenko), nor was it observed in any of the natural forest sites (Table 3) . No mortality of emerald ash borer larvae was observed in association with undetermined biotic factors at one landscape (Pervaya) site and one natural forest (Barabash) site. Mortality rates of emerald ash borer larvae caused by undetermined biotic factors on girdled Oriental ash trees at the natural forest sites were higher (26 Ð94%) than those (3Ð20%) on green ash trees at the landscape sites (Table 3 ). The subsampling of girdled Oriental ash logs from the Vladivostok area showed that Ͼ85% of all dead emerald ash borer larval cadavers belonged to the younger age classes (Þrst to second instars) (Fig. 3) . In almost every case the galleries of the dead emerald ash borer larvae were surrounded by necrotic plant (Fig. 1) . This indicated to us that host plant resistance was probably the dominant biotic factor responsible for the mortality of young emerald ash borer larvae within Oriental ash trees. In contrast, a majority of dead emerald ash borer larvae cadavers from the sub-sampling of green ash logs were older (third to fourth instars or older) (Fig. 3) and associated with mold or rotten and foul smell (Fig. 2) . During the time frame from 2009 to 2010, parasitism accounted for Ϸ8% of the observed emerald ash borer larvae in girdled F. rhynchophylla trees at the two natural forest sites (Ryazanovka and Peschaniy). During the same time frame (2009 Ð2010) , no parasitism of emerald ash borer larvae was observed on girdled F. rhynchophylla tree at the Barabash forest site nor was there any parasitism of emerald ash borer at the Peschaniy forest site in 2010 (Table 3 ). In contrast, Ϸ 7% of emerald ash borer larvae were parasitized on F. pennsylvanica trees at the Pervaya landscape site in 2008, and Ϸ 63% of emerald ash borer larvae were parasitized at the Borisenko and Postysheva sites (all landscape sites) in 2010. At the Borisenko and Postysheva sites, the parasitism rate (Ϸ 63%) of emerald ash borer larvae in F. pennsylvanica trees was signiÞcantly higher than in the girdled F. rhynchophylla trees in 2010 (7.5%) ( Table 3) .
Hymenopteran Parasitoids Associated With Emerald Ash Borer Larvae and Their Spatial Host-Density Dependence. Three species of hymenopteran parasitoids were observed attacking emerald ash borer larvae from different sites between 2008 and 2010 in Primorskiy Kray (Vladivostok region). These included the gregarious endoparasitoid T. planipennisi (Eulophidae), a new species of gregarious ectoparasitoid Spathius sp. (Braconidae), and the solitary ectoparasitoid A. nigriventris (Braconidae). While a total of seven broods of T. planipennisi larvae or pupae (each with 35Ð50 progeny) were observed attacking emerald ash borer larvae on green ash trees at the Pervaya (landscape) site, a total of 521 broods of Spathius sp larvae or cocoons (each with 6 Ð15 progeny) and 103 larvae and cocoons of A. nigriventris were observed attacking emerald ash borer larvae on both green ash and Oriental ash between 2009 and 2010. The densities of both Spathius sp. (28 Ð76 broods/m 2 of phloem area) and A. nigriventris (1.3Ð2.7 individuals/m 2 of phloem area) on green ash trees were signiÞcantly higher than those on girdled Oriental ash trees (0 Ð 0.8 for Spathius sp. and 0 Ð 0.3 for A. nigriventris) ( Table 4) .
Linear regression analyses indicated that densities of immature Spathius sp stages were positively related to the emerald ash borer larval density (Fig. 4A ) for both green (R 2 ϭ 0.463, F ϭ 20.660, df ϭ 1, 24; P Ͻ 0.001) and Oriental ash trees (R 2 ϭ 0.504, F ϭ 20.36, df ϭ 1, 20, P Ͻ 0.001). Further regression analysis indicated that parasitism rates of host larvae by Spathius sp. were slightly (but insigniÞcantly) inversely related to host densities for green ash trees, but positively (signiÞcantly) related to host densities for Oriental ash trees (Fig. 4B) . For A. nigriventris, there was a similar relationship between the parasitoid and host density (Fig. 5A ) for both green ash (R 2 ϭ 0.269, F ϭ 8.853, df ϭ 1, 24; P ϭ 0.007) and Oriental ash (R 2 ϭ 0.393, F ϭ 12.965, df ϭ 1, 25; P ϭ 0.002). A signiÞcant positive correlation was detected between emerald ash borer density and parasitism of emerald ash borer larvae by A. nigriventris (Fig. 5B ) in Oriental ash (R 2 ϭ 0.408, F ϭ 10.337, Fig. 3 . Stage-speciÞc distribution of emerald ash borer larvae killed by undetermined, putative host tree resistance on Oriental ash (F. rhynchophylla) or undetermined microbial disease on North American green ash (F. pennsylvanica). df ϭ 1, 15; P ϭ 0.006), but not for green ash (R 2 ϭ 0.0441, F ϭ 1.108, df ϭ 1, 24; P ϭ 0.303).
Discussion
Our multiple year Þeld survey conducted in the Khabarovsk and Vladivostok areas of the Russian Far East, part of emerald ash borerÕs native range, is the Þrst systematic investigation of emerald ash borer occurrence and the associated biotic factors in this region. We found that emerald ash borer was common in the region. Although emerald ash borer was most frequently associated with the introduced North American green ash (F. pennsylvanica) tree, it was also found in Asiatic ash (F. mandschurica and F. rhynchophylla) that had been artiÞcially stressed by girdling. In both the Khabarovsk and Vladivostok areas, emerald ash borer densities were several-fold higher on green ash (11.3Ð76.7 larvae/m 2 of phloem area in Khabarovsk area, and 77Ð245 larvae/m 2 of phloem area in Vladivostok area) than on artiÞcially stressed Manchurian ash (2.2 larvae/m2 of phloem area in Khabarovsk) or Oriental ash (10 Ð59 larvae/m 2 of phloem area in Vladivostok). Mortality rates of emerald ash borer larvae caused by different biotic factors (woodpecker predation, host plant resistance and/or undetermined diseases, and parasitism) appeared to vary with survey time, areas and ash tree species. Except for one date at one location (in the Khabarovsk area), we found little evidence of signiÞcant predation of emerald ash borer by woodpeckers across the two study regions from 2008 to 2011. North American green ash logs examined from 2008 to 2011 in the Khabarovsk and Vladivostok areas showed only a low rate (3Ð27%) of emerald ash borer larval mortality classiÞed as "undetermined biotic factors" that was putatively interpreted as because of host plant resistance. In contrast, a much higher level (26 Ð95%) of emerald ash borer larval mortality was classiÞed as plant resistance in Manchurian ash at the semiforested site (Khekhtsir) in the Khabarovsk area or the Oriental ash trees in the natural forest sites (Barabash, Peschaniy, and Ryazanovka) in the Vladivostok area. While little parasitism (Ͻ1%) of emerald ash borer larvae was observed in the Khabarovsk area, three hymenopteran parasitoids (Spathius sp, A. nigriventris and T. planipennisi) were frequently observed attacking late (third to fourth) instars of emerald ash borer larvae in Vladivostok area, which collectively caused Ϸ 63% emerald ash borer larval parasitism (predominately because of Spathius sp) in two of the three study sites. Field studies in recently invaded areas of the United States have shown that woodpeckers consume 32Ð90% of late instar emerald ash borer larvae (including mature J-shaped larvae), prepupae, and/or pupae (Cappaert et al. 2005 , Lindell et al. 2008 , Duan et al. 2011 . In contrast, woodpecker predation of emerald ash borer was observed at low to moderate levels (3.0 Ð 41%) at two of the three study sites in the Khabarovsk area, and very low level (1.1%) at one of the six sites in Vladivostok areas. In addition, previous studies have reported low rates of woodpecker predation of emerald ash borer larvae in China ). Together these data indicate that woodpeckers are unlikely to be an important biotic factor regulating emerald ash borer populations in the pestÕs native range. This is most likely becauase of lower abundance of emerald ash borer (and possibly woodpecker) populations in northeast Asia in comparison to the newly invaded North American regions (United States and Canada).
It is known that in the invaded part of North America, emerald ash borer larvae are susceptible to fungal pathogens such as Beauveria bassiana (Balsamo) and Metarhizium anisopliae (Metschnikoff) Bauer 2006, Castrillo et al. 2008) . The reported level of emerald ash borer larval mortality from these microbial pathogens in Michigan (United States) is low (Ͻ5% of infestation rate) in the Þeld (Liu et al. 2006 ). Because we did not identify speciÞc pathogens associated with the diseased emerald ash borer larvae in Russia, we were not able to quantify the mortality rate of the emerald ash borer larvae caused by undetermined pathogens in the Khabarovsk or Vladivostok areas.
High rates of mortality of earlier instars of emerald ash borer (ÞrstÐsecond) have been observed to occur in association with heavy callus tissue formation in lightly infested ash trees in the United States (Duan et al. 2010 ). In addition, host plant resistance in Oriental ash (F. mandschurica and F. chinensis nr rhynchophylla) was noted by Liu et al. (2007) , who showed that emerald ash borer densities in Oriental ash trees were generally several fold lower than in the introduced green ash (F. pennsylvanica). Recently, Wei et al. (2007) reported that emerald ash borer was a serious pest in plantations of the introduced North American velvet ash (F. velutina) in north central China. Our observation of high rates of mortality of young emerald ash borer larvae in association with callus tissues and surrounding necrosis of cambium tissues in F. rhynchophylla trees (Fig. 1) indicates to us that host tree resistance might play a major role in suppressing emerald ash borer populations in its native range. Future management and control strategies against emerald ash borer should consider integration of host tree resistance with biological control and other control methods.
Previous Þeld studies conducted in northeast China showed that the two larval parasitoids (T. planipennisi and S. agrili) and one egg parasitoid (O. agrili) were the major biotic factors that caused high percentage parasitism (12Ð73%) of immature emerald ash borer larvae or eggs on infested green or velvet ash trees , Wang et al. 2007 ). However, T. planipennisi and O. agrili were primarily found in the northern part of China (Liaoning and Jilin Provinces), while S. agrili was found Ϸ800 km further south in the Tianjian and Beijing areas (in Hebei Province). In contrast, our Þeld survey showed that the native Russian Spathius sp. was the dominant parasitoid attacking emerald ash borer larvae in the Vladivostok area (Ϸ500 km further north of Liaoning or Jilin Provinces of China). Preliminary DNA analysis and mating experiments (J.J.D., unpublished) have shown that this native Russian Spathius does not cross with S. agrili, and is a new species that is currently being described (G. Y., unpublished data). Recent climatic matching analysis (J.J.D., unpublished data) also has showed that the native Russian Spathius from Vladivostok has much higher matching index (Ͼ0.75) to the north central United States (the epicenter of emerald ash borer invasion) than S. agrili, which was collected from Tiangjian, China. For classical biological control of emerald ash borer in the United States, the newly discovered Russian Spathius may be a better candidate for introduction, particularly for control of emerald ash borer populations in the north central and northeast regions of the United States and Canada.
Furthermore, we observed many isolated stands of healthy saplings of green ash in the urban area sampled in Vladivostok (J.J.D. and G. Y., unpublished data). We think that the emerald ash borer parasitoids in this region might have protected the susceptible ash trees at two different phases. First, saplings of susceptible ash species in Asia might be colonized initially at low levels of emerald ash borer because there are fewer founders coming from resistant trees, which are absent in North America. Moreover, survivorship of F 1 immature emerald ash borer stages on these saplings might be reduced by parasitoid populations building up quickly because shorter handling time is needed for oviposition on saplings. This could retard emerald ash borer buildup on susceptible ash trees in Asia. Second, the abundance of emerald ash borer parasitoids in the native range may in fact allow their populations to increase quickly in response to incipient infestations of emerald ash borer on susceptible ash species, and thus directly protect the trees at relatively low densities. This may provide additional evidence that introduction and establishment of the Russian or Chinese native parasitoids in regions recently invaded by emerald ash borer (e.g., North America or European Russia) have the potential to protect ash resources.
For successful control of pest populations, positive density-dependent host mortality (parasitism) has always been considered to be an important trait of effective biocontrol agents (see review in Walde and Murdoch 1988) . Despite these common beliefs, many studies have failed to detect direct spatial density dependence (e.g., Morrison and Strong 1980 , Lessells 1985 , Duan et al. 1998 . Indeed, limits to either the number of host larvae or the time available for searching, because of time taken to "handle" hosts, can result in under-exploitation of high density patches, i.e., inverse density dependence. In our study, the lack of detection of a signiÞcantly positive relationship between Spathius sp or A. nigriventris with the emerald ash borer larval density on green ash trees might have been partly because of the extremely high densities of emerald ash borer larvae for this susceptible ash species (Fig. 4B, 5B ). In contrast, signiÞcantly positive relationships were detected between parasitism rate by Spathius sp or A. nigriventris with emerald ash borer larval densities from Oriental ash (F. rhynchophylla) trees, which had much lower emerald ash borer densities (because of high tree resistance). Further studies are needed to investigate how different species of ash trees (because of different levels of tree resistance to emerald ash borer densities) would inßuence the density-dependent host parasitism rate by those larval parasitoids, and thus affect the effectiveness of these biocontrol agents in regulating emerald ash borer populations in both its native and invaded ranges.
